We then investigated whether the response of N-silenced plants to other viruses would be altered, and found that the hypersensitive response triggered against the tombusviruses Tomato bushy stunt virus and Cymbidium ringspot virus also was compromised. This study indicates that a Tombusvirus R gene shares some homology with the N gene, which could facilitate the cloning of this gene.
The nontarget effects associated with silencing of the N gene in Nicotiana edwardsonii, an amphidiploid species derived from N. glutinosa and N. clevelandii, have been characterized in this study. The N protein confers resistance to Tobacco mosaic virus (TMV), and is representative of a family of nucleotide-binding site leucine-rich repeat proteins present in N. glutinosa. Previous studies have shown that silencing of the N gene or of other plant genes associated with N-mediated defenses abolishes host resistance to TMV, and this effect can be measured through enhancements in movement or replication of TMV in the N-silenced plants. However, the nontarget effects of gene silencing have not been investigated thoroughly. Notably, are the functions of other resistance (R) genes also affected in experiments designed to silence the N gene? To investigate whether heterologous sequences could silence the N gene, we selected an R gene homolog from N. glutinosa that differed from the N gene by approximately 17%, created a hairpin transgene, and developed transgenic N. edwardsonii plants. Expression of this hairpin in the transgenic N. edwardsonii plants compromised the hypersensitive response to TMV, demonstrating that a single hairpin transgene could silence a block of R genes related by sequence similarity. We then investigated whether the response of N-silenced plants to other viruses would be altered, and found that the hypersensitive response triggered against the tombusviruses Tomato bushy stunt virus and Cymbidium ringspot virus also was compromised. This study indicates that a Tombusvirus R gene shares some homology with the N gene, which could facilitate the cloning of this gene.
The central tenet of the gene-for-gene theory is that a plant resistance (R) gene product recognizes a specific pathogen avirulence (Avr) gene product, which sets in motion a cascade of plant defenses (Flor 1971) . In many instances, the outcome of this interaction is a hypersensitive response (HR), a plant defense response that is characterized by the rapid death of a limited number of cells in the region of the invading pathogen (Torres et al. 2002) . Of over 200 virus R genes that have been identified in crop plants, wild relatives, and model plant species such as Arabidopsis thaliana, 80% are inherited monogenically and many of these condition HR (Kang et al. 2005; Khetarpal et al. 1998) . Although a large number of virus R genes have been characterized genetically, only a handful have been physically cloned and their structure elucidated (Kang et al. 2005 , Soosaar et al. 2005 . Of the R genes that have been cloned, many have turned out to encode receptors containing an N-terminal nucleotide binding site (NB) and a C-terminal leucinerich repeat (LRR) (Martin et al. 2003) .
The NB-LRR proteins that target viruses can be divided into two groups, depending on whether the N-terminus has a coiled-coil (CC) domain or a Toll-interleukin-1 (TIR) domain. The NB-LRR R proteins that have a CC domain include Rx1, Rx2, Sw5, RCY1, HRT, and Tm2 2 (Kang et al. 2005; Martin et al. 2003; Soosaar et al. 2005) . NB-LRR proteins with a TIR domain that target viruses include N (Whitham et al. 1994) and RT4-4 (Seo et al. 2006) . The RT4-4 gene was isolated from common bean and targets Cucumber mosaic virus (CMV). Transgenic Nicotiana benthamiana plants that express the RT4-4 protein respond to CMV infection with systemic necrosis; thus, although this transgene does not confer complete CMV resistance in N. benthamiana, it is involved in recognition of CMV and activation of plant defenses. The N gene is an R gene derived from N. glutinosa whose protein product triggers HR against Tobacco mosaic virus (TMV) infections (Whitham et al. 1994) . The N gene was the first virus R gene to be cloned and has been the object of intense study.
Gene silencing is one key technique that has emerged in recent years for investigating the function of R genes, including the N gene. Plant genes can be silenced in one of two ways, either through the expression of hairpin transgenes or through virus expression vectors (i.e., virus-induced gene silencing [VIGS] ) (Baulcombe 1999; Matzke et al. 2001; Robertson 2004; Smith et al. 2000) . VIGS has been used to target the N gene for silencing, as well as several other key plant genes involved in N-mediated defenses. Silencing of the N gene or of other genes involved in N-mediated defenses will abolish host resistance to TMV, and this effect can be measured through enhancements in movement or replication of TMV in the N-silenced plants (Jin et al. 2002; Liu et al. 2002 Liu et al. , 2004 Lu et al. 2003; Peart et al. 2002 Peart et al. , 2005 . However, the nontarget effects of gene silencing have not been investigated thoroughly. Notably, are the functions of other R genes also affected in experiments designed to silence the N gene?
In this study, we have characterized the nontarget effects associated with silencing of the N gene in N. edwardsonii, an amphidiploid species derived from N. glutinosa and N. clevelandii (Christie 1969) . We recently proposed that N. edwardsonii could serve as a reservoir for a broad range of virus R genes, including a new R gene that targets at least five distinct tombusviruses (Schoelz et al. 2006) . We now show that a single hairpin transgene could be used to silence a block of plant R genes related by sequence identity to the N gene, and that the tombusvirus resistance in N-silenced plants is compromised. This study indicates that a tombusvirus R gene may be a member of the N family of R genes.
RESULTS

Characterization of the N family of R gene homologs in Nicotiana spp.
A nucleotide sequence analysis of all TIR-NB-LRR R genes has revealed several conserved amino acid stretches present in exon 2, including the motifs GGVGKTT and GLPLAL. Oligonucleotide primers based on these motifs can be used in polymerase chain reaction (PCR) to amplify portions of true R genes and related R gene homologs (RGHs) from plant genomes (Kanazin et al. 1996; Leister et al. 1996; Yu et al. 1996) . To assess the diversity of N-related sequences present in N. glutinosa and N. clevelandii, we chose forward and reverse oligonucleotide primer sequences directed against the amino acid motifs GGVGKTT and GLPLAL, respectively, which precisely matched the N gene sequence. These primers yielded RGH clones that varied in size from 498 to 516 bp and whose nucleotide sequences differed from the N gene by 0 to 17%.
We obtained 77 RGH clones derived from N. glutinosa, and 45 of these sequences contained complete open reading frames (ORFs) with a size of 516 bp. The remaining 32 clones contained deletions or point mutations that altered the reading frame of exon 2 in a manner that led to the introduction of stop codons; these clones were considered to be pseudogenes and were excluded from further analysis. The 45 clones that had complete ORFs could be aligned into 11 groups that varied in identity to the N gene from 87 to 100% (Fig. 1) . To account for possible PCR error, nucleotide sequences that differed by ≤1% were grouped together as a single sequence, in agreement with previous studies (Couch et al. 2006; Plocik et al. 2004) . Consequently, we propose that N. glutinosa contains at least 10 RGHs that are closely related in sequence to the true N gene; they constitute the N family of RGHs. This number is in agreement with a previous estimate of 8 to 10 N-related RGHs in Nicotiana spp. (Whitham et al. 1994) . Although the PCR primers precisely matched the N gene sequence, the N gene itself was represented in only one-fifth of the RGH sequences, as this group contained only eight members derived from N. glutinosa (Fig. 1) . Interestingly, RGH sequences that were described previously as N homologs, such as NH, Y-1, NL-25, and NL-27 (Hehl et al. 1999; Stange et al. 2004; Vidal et al. 2002) , were not associated with any of the 11 groups derived from N. glutinosa (Fig. 1) .
We sequenced 30 RGH clones derived from N. clevelandii, and 28 of these sequences contained complete ORFs with a size of 516 bp. These RGHs were a subset of those isolated from N. glutinosa, because all 28 fell within one of four previously identified N. glutinosa RGH groups (Fig. 1) . Interestingly, the N gene group was one of the four that contained N. clevelandii RGHs. Four of the N. clevelandii RGH sequences were identical to the N gene over their 516-bp length, and another seven differed from the N gene by less than 1%. Although N. clevelandii is susceptible to TMV, the isolation of an RGH group that matched the N gene sequence indicated that this host might contain a form of the N gene inactivated through a point mutation at another location or through a premature termination of the downstream coding region. Because N. glutinosa and N. clevelandii are the parent species of N. edwardsonii, this analysis showed that N. edwardsonii contained multiple N homologs that would be affected by a silencing strategy that targeted the true N gene.
Silencing of the N gene with hairpin transgene sequences that are identical to the N gene.
To investigate whether a hairpin transgene could silence a block of R genes related to each other by sequence similarity, we first developed a set of transgenic control plants that expressed a hairpin transgene that was based on exon 1 of the N gene (Fig. 2) . The mRNA expressed from the exon 1 transgene would be expected to fold into a hairpin that had a length of 239 nucleotides. We regenerated 30 putative transformants and we verified that 23 of these T 0 plants expressed NPTII. The plants positive for NPTII were subsequently evaluated for their response to TMV, and we found that 56% (13 of 23 T 0 lines) exhibited silencing of the N gene in a detached leaf assay (Table 1). Wild-type N. edwardsonii detached leaves consistently developed HR by 2 days post inoculation (dpi). In contrast, detached leaves from plants that exhibited silencing of the N gene exhibited no sign of HR at 2 dpi. Eventually, the N-silenced plants did develop necrotic lesions, but HR development was delayed at a minimum to 3 dpi and, in some lines, HR did not appear until 6 dpi, 4 days after the appearance of HR in wild-type N. edwardsonii.
To confirm that the N-silenced plants could support the replication of TMV at early time points before the onset of HR, we utilized TMV-30B-green fluorescent protein (GFP) (Shivprasad et al. 1999) . The response of wild-type and N-silenced transgenic N. edwardsonii to TMV-30B-GFP at 5 dpi, visualized under visible and UV light, is illustrated in Figure 3 . The N-silenced plants responded with a delayed HR (compare Fig. 3A with B), but GFP expression was much higher in the N-silenced plants (compare Fig. 3E with F) than in the wildtype plants. In fact, no GFP expression was associated with lesions in wild-type N. edwardsonii at 5 dpi. These experimental results are in agreement with previous studies in which the N gene was silenced with a VIGS vector (Jin et al. 2002; Liu et al. 2002; Peart et al. 2002) . Interestingly, a comparison of TMV titers in N-silenced versus wild-type N. edwardsonii leaves by either enzyme-linked immunosorbent assay (ELISA) or reversetranscriptase (RT)-PCR did not reveal any consistent differences (data not shown), indicating that the spread of TMV infections was not limited by HR within this timeframe.
To determine whether the N-silencing phenotype would be carried into subsequent generations, two T 0 lines were selfed twice and evaluated for their response to TMV inoculation. Plants in the T 1 generation exhibited a delay in HR up to 4 days, because HR did not develop until 6 dpi. Plants in the T 2 generation exhibited delays in HR up to 1 day, because HR in these plants did not develop until 3 dpi (data not shown). Some of the progeny in the T 1 or T 2 generations did not respond to TMV with any delay in HR, indicating that these plants might have undergone transcriptional silencing of the hairpin transgene.
Expression of N gene transcript in putatively N-silenced N. edwardsonii.
To further show that the delayed HR phenotype observed in putatively N-silenced N. edwardsonii was due to reductions in the N transcript level, real-time PCR was used to quantify the transcript of the N gene in wild-type N. edwardsonii and in putatively N-silenced N. edwardsonii transgenic lines. To assess the level of N transcript, PCR primers were synthesized that would amplify a 140-bp DNA segment of exon 4, the same primers used by Levy and associates (2004) in their study of N transcript levels in TMV-infected and uninfected plants. Quantification of the N gene transcript level was determined by comparing the ratios of N gene transcript with EF-1α transcript in wild-type and N-silenced N. edwardsonii. A dissociation curve completed at the end of the PCR reactions demonstrated that each of the primer pairs tested for the N gene and for EF-1α amplified a single PCR product with a distinct melting temperature (Tm) as indicated by the fluorescence (-dF/dT) against the temperature.
Two T 1 seedlings from transgenic line K242 (K242-A5 and K242-A8) and four T 2 seedlings derived from K242-A9 (K242-A9-10, K242-A9-11 K242-A9-1, and K242-A9-15) were selected for the analysis of N gene transcript level, as Fig. 1 . Phylogenetic analysis of Nicotiana glutinosa (Ng) and N. clevelandii (Nc) R gene homologs (RGHs). The tree is based on the alignment of nucleotide sequences of RGH clones, the N gene, and four published N homologs (NH, . Bootstrapping values on the branches are shown as a percentage based on 1,000 replicas. To account for possible polymerase chain reaction error, nucleotide sequences that differed by ≤1% were considered to be representative of a single sequence.
well as leaves from wild-type N. edwardsonii. Individual leaves were divided into two samples along the midrib. One half-leaf was inoculated with TMV to verify the delayed-HR phenotype, whereas total RNA was isolated from the other half-leaf for real-time PCR analysis of the N transcript. Our results show that, when the level of N gene was normalized to the value of 1 for wild-type N. edwardsonii, the level of N gene transcript in transgenic N. edwardsonii leaves that exhibited a delayed HR was significantly reduced (Fig. 4) . Significantly, the T 2 line K242-A9-1 did not exhibit a delayed HR in response to TMV inoculation, and the level of N gene transcript in this line was equivalent to that of the wild-type N. edwardsonii. This experiment showed that the delayed HR phenotype in transgenic plants that expressed an N gene hairpin was associated with a reduction in the level of the N transcript.
Silencing of the N gene by a hairpin transgene developed from a heterologous sequence.
To investigate whether a hairpin transgene derived from a heterologous sequence could silence the N gene, we selected an RGH that differed from the N gene by approximately 17% within the sequence of the hairpin (Fig 5) . The mRNA expressed from the RGH3 transgene (Fig. 2) would be expected to fold into a hairpin that had a length of 120 nucleotides, including a stretch of 26 nucleotides that was identical to the published N gene sequence, corresponding to nucleotides 1,423 to 1,448 (Fig. 5) . We regenerated 24 putative transformants and verified that 13 of these T 0 plants expressed NPTII. The plants positive for NPTII subsequently were evaluated for their response to TMV, and we found that 62% (8 of 13 T 0 lines) exhibited silencing of the N gene in our detached leaf assay (Table 1) . As with the N gene hairpin, eventually the leaves from the RGH3 transgenic plants did develop HR, but HR development was delayed at a minimum to 3 dpi and, in some lines, did not appear until 5 dpi, 3 days after its appearance in wild-type N. edwardsonii. The experiments with the RGH3 hairpin showed that heterologous R gene sequences could silence a true R gene and, consequently, that a single hairpin transgene could silence a block of R genes related by sequence similarity.
Silencing of the N family of R genes compromises resistance to two tombusviruses.
Our gene-silencing assay demonstrated that resistance to TMV could be silenced effectively by a homologous exon 1 hairpin transgene or a heterologous exon 2 hairpin transgene. However, the true utility of our silencing assay would be to show that silencing of some or all members of the N family of R genes would abolish resistance to a virus unrelated to TMV. To investigate whether the response of N-silenced plants to other viruses would be altered, we inoculated two tombusviruses, Tomato bushy stunt virus (TBSV) and Cymbidium ringspot virus (CymRSV), to wild-type N. edwardsonii and transgenic N. edwardsonii that expressed the exon 1 hairpin. We selected the tombusviruses for the detached leaf assay because N. edwardsonii responds with a dominant HR (Chu et al. 1999; Schoelz et al. 2006 ) and these viruses are very aggressive, eliciting HR within 2 dpi. TMV was inoculated to a separate set of detached leaves from the same plants to verify silencing of the N gene. In the detached-leaf assay, both TBSV and CymRSV induced HR in wild-type N. edwardsonii by 2 dpi (Fig. 3C and D) , whereas no individual lesions were induced by either virus in the N-silenced plants at the same time point (Fig. 3G and H) . A comparison of TBSV titers in N-silenced versus wild-type N. edwardsonii leaves by ELISA did not reveal any consistent differences (data not shown), indicating that spread of TBSV infections were not limited by HR within this time frame. Furthermore, the silencing of the TBSV HR was transitory, because detached leaves eventually developed HR by 5 dpi. These results were comparable with what was found in the assessment of silencing of the N gene. Given that TBSV resistance segregates independently from the N gene (Schoelz et al. 2006) , these silencing results indicate that the tombusvirus R genes belong to the N family of R genes, but are distinct from the N gene.
DISCUSSION
In this article, we showed that strategies designed to target the N gene for post-transcriptional gene silencing also target a family of N gene homologs present in Nicotiana spp. As a prerequisite to the silencing study, we used a PCR-based approach to estimate the number of N gene homologs in Nicotiana spp. that might be affected by silencing of the N gene. We found that N. glutinosa contained at least 10 homologs in addition to the N gene, whereas N. clevelandii contained at least 4 homologs. Interestingly, the N gene homologs found in N. clevelandii were a subset of those present in N. glutinosa. Because N. edwardsonii is an amphidiploid composed of N. glutinosa and N. clevelandii parents (Christie 1969) , it must contain at least 14 N gene homologs in addition to the true N gene.
To create transgenic N. edwardsonii plants that were N-silenced, we developed two hairpin constructs that targeted exon 1 and exon 2 of the N gene. Exon 2 of the N gene was targeted for silencing by an RGH sequence (RGH3) that differed from the published N sequence (Whitham et al. 1994 ) by approxi- mately 17%, demonstrating that more than one R gene could be effectively silenced by a single hairpin, as long as sufficient sequence homology exists between the hairpin sequence and the R gene targets. In particular, there is a short stretch of 26 nucleotides (from nucleotide 1,423 to 1,448) in the hairpin construct based on RGH3 that has 100% homology to the N gene sequence. Other RGH3 sequences also might have participated in silencing of the N gene, but this stretch of 26 nucleotides is sufficient to induce silencing of the N gene in plants. Klahre and associates (2002) have shown that a sequence containing as few as 21 nucleotides of dsRNA can efficiently silence a target gene.
We utilized real-time PCR to confirm that the N gene was silenced, using primers derived from exon 4 of the N gene, downstream of the sequences that were targeted by our hairpin transgenes. We chose this target because it had been used successfully by others to measure N transcript levels (Levy et al. 2004 ). The exon 4 sequence is not spliced out during alternative splicing of the N gene (Dinesh-Kumar and Baker 2000); therefore, the levels of both the full-length and truncated, alternatively spliced transcripts would be assessed. In the real-time PCR assay, we observed that our hairpin transgene caused a reduction of N gene transcripts by 60 to 80% compared with wild-type N. edwardsonii. This was comparable to the reductions observed in the N gene mediated by VIGS (Liu et al. 2002) . In a related bioassay with TMV inoculations, these leaves exhibited a 1-to 5-day delay in the HR response relative to wild-type N. edwardsonii leaves. The inability to abolish the N gene transcripts might explain why we observed a delay in the development of HR rather than a complete abolishment. Another intriguing possibility may be that, as the virus replicates, its silencing suppressor might interfere with the induction of RNAi by the hairpin mRNA, which would lead to a restoration in the function of the R genes.
Once we confirmed that the N gene in N. edwardsonii had been silenced, we then investigated whether the response of Nsilenced plants to viruses other than TMV would be altered. We found that the HR triggered against the tombusviruses TBSV and CymRSV also was compromised. Our results, therefore, suggest that the nucleotide sequence of the tombusvirus R gene must have a high degree of homology to the N gene. Although the tombusvirus and TMV R genes are both derived from N. glutinosa, they segregate independently (Cole et al. 2001; Schoelz et al. 2006) , which demonstrates that the N gene itself does not specify resistance to either TBSV or CymRSV. Consequently, R genes closely related by sequence to the N gene might be considered candidates for the new tombusvirus R gene. Although resistance to TBSV and CymRSV segregate together (Schoelz et al. 2006 ), we do not know yet if a single gene specifies resistance to both viruses or if separate R genes target each virus individually. However, our observation that silencing of the N gene affects resistance to both TBSV and CymRSV indicates that their R genes are related at least at the sequence level, and this information should facilitate the cloning of these new R genes.
Three strategies have been employed to identify and clone virus R genes. The N and Tm2 2 genes were cloned by transposon tagging (Lanfermeijer et al. 2003; Whitham et al. 1994) , whereas the recessive potyvirus R genes were cloned through a candidate gene approach focused on eIF4E (Nicaise et al. 2003; Ruffel et al. 2002) . The most common strategy for the physical isolation of virus R genes has involved the use of extensive physical maps and positional cloning (Kang et al. 2005) . Each of the techniques used for cloning R genes has its strengths and weaknesses. For example, transposon tagging of the N gene was successful in part because TMV has a very stable virion that is highly infectious. Consequently, large numbers of plants could be spray inoculated to find the rare mutant that contained an N gene disrupted by the transposon (Whitham et al. 1994) . Similarly, the candidate gene approach has worked well for isolation of recessive potyvirus R genes, but this requires some knowledge of the identity of the R gene before it can be cloned. Thus far, positional cloning has been a reliable technique that has been used for the identification of most R genes, regardless of the type of pathogen targeted (Martin et al. 2003) . However, positional cloning works best in plants that have good genetic and physical maps, something that does not exist for every plant species. Furthermore, some R genes might be located in genomic regions where crossovers are rarely observed.
Our demonstration that gene silencing technology can be effective in identifying a previously unrecognized tombusvirus R gene has the potential to augment existing techniques for characterization and cloning new R genes. In particular, it could facilitate the cloning of valuable disease R genes in plants such as N. edwardsonii, a species that could serve as a reservoir for virus R genes (Schoelz et al. 2006 ) but for which no physical map exists. It is impractical to isolate genomic clones of R genes and randomly test them individually for their reaction to a specific pathogen; nevertheless, it is possible to find new R gene specificities using a gene-silencing assay that shuts off entire blocks of related R genes. This assay could narrow the search to a manageable number of R gene candidates that could be identified through Southern hybridization of an N. glutinosa genomic library. Previous work has shown that the TBSV P22 protein is responsible for elicitation of HR in N. edwardsonii (Chu et al. 1999 ). Consequently, individual R genes could be tested for HR activity through co-agroinfiltration with the TBSV p22 gene into a susceptible solanaceous host such as N. clevelandii.
Although we have shown that silencing of the N family of R genes compromises the HR to TBSV, one alternative hypothesis would lead to the conclusion that the TBSV R gene might be unrelated by sequence to the N gene. Peart and co-workers (2005) recently found that silencing of the gene NRG1 in N. edwardsonii abolished resistance to TMV, yet NRG1 encoded a CC-NB-LRR gene that did not have sequence homology to N. The implication was that disease resistance pathways may recruit more than a single NB-LRR protein and, in fact, effective resistance may require multiple NB-LRR proteins. Similarly, we have found that silencing of the N family of R genes compromises the resistance response of N. edwardsonii to TBSV. Consequently, there is a possibility that the N family of proteins may participate in TBSV-mediated resistance, even though the TBSV R protein is unrelated to this family. A more complete characterization of the members of the N family of R genes should reveal whether the TBSV R gene belongs to this group.
MATERIALS AND METHODS
Isolation of genomic DNA and construction of RGH clones.
Genomic DNA was isolated from Nicotiana spp. according to Dellaporta and associates (1983) . Primer sequences for PCR amplification of the N gene and related RGH sequences were derived from the published N gene sequence (Whitham et al. 1994 ) (GenBank accession U15605). To amplify and clone RGH sequences, the forward primer corresponded to nucleotides 933 to 950 of the N gene and an EcoRI site was included on the 5′ end of the primer to facilitate cloning (5′-GGGGAA TTCGGGGGAGTCGGTAAAACACA-3′). The reverse primer corresponded to nucleotides 1,431 to 1,448 of the N gene and a KpnI site was included on the 5′ end of the primer to facilitate cloning (5′-GGGGGTACCGAGGGCTAAAGGAAGGCC-3′). PCR conditions were 94°C for 5 min, 55°C for 30 s, and 72°C for 2 min for 1 cycle, followed by 35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 90 s. The amplified DNA subsequently was cloned into the EcoRI-KpnI restriction enzyme sites of pGem-7Zf(+) or into pGEM-T easy (Promega Corp., Madison, WI, U.S.A.) to create the RGH clones. RGH nucleotide sequences were determined at the Nucleotide Sequencing Core Facility at the University of Missouri.
Analysis of RGH nucleotide sequences.
Sequences were manually edited, cleaned of vector and primer sequences, and initially compared using BLAST-N (Altschul et al. 1990) . All values were set to default and the low-complexity filter was used. Nucleotide sequence alignments were performed using ClustalX1.83 (Thompson et al. 1997 ) with phylip output format and edited in Jalview (Clamp et al. 2004) . Parsimony trees were calculated using the program "protpars" of Phylip (Felsenstein 2000) . Bootstrap values were calculated using the program "seqboot" of Phylip package followed by "protpars" on 1,000 individual data sets. Trees were viewed and rooted using ATV (Zmasek and Eddy 2001) .
Sequence errors in the RGHs due to Taq polymerase were estimated to be equal to or less than 1%, in agreement with previous studies (Couch et al. 2006; Plocik et al. 2004 ).
Construction of R gene hairpins for transformation of N. edwardsonii.
Two hairpin constructs were evaluated for their capacity to silence the N gene. One sequence was derived from exon 1 of the N gene, whereas the RGH3 hairpin was derived from an exon 2 sequence isolated from N. edwardsonii (Fig. 2) . To construct the exon 1 hairpin, N gene sequences from nucleotide 55 to 291 were amplified by PCR from N. edwardsonii genomic DNA using the oligonucleotide forward primer 5′-GGGGAATTCGCATCTTCTTCTTCTTCTTCT-3′ and reverse primer 5′-GGGCTCGAGTGATGTTGCATAATTCTCTGA-3′. The forward primer included an EcoRI site on the 5′ end, whereas the reverse primer had an XhoI site on its 5′ end. PCR conditions were the same as for the RGH clones. The amplified DNA subsequently was cloned into the EcoRIXhoI restriction enzyme sites of pGem-7Zf(+) and the clone was designated pNE1. To complete the hairpin, N gene sequences from 55 to 531 were amplified by PCR from N. edwardsonii genomic DNA using the forward primer 5′-GG GAAGCTTGCATCTTCTTCTCTTCTTCT-3′ and the reverse primer 5′-GGGGAGCTCCTTGTCACGATTATCACAGGA-3′. The forward primer included a HindIII site on its 5′ end and the reverse primer had a SacI site on its 5′ end to facilitate cloning the amplified PCR product into the HindIII-SacI restriction enzyme sites of pNE1. An Xho1-Sac1 DNA segment was moved into the Agrobacterium tumefaciens vector pKYLX7 (Schardl et al. 1987) to complete the construction of the exon 1 hairpin (Fig. 2) .
The RGH hairpin was derived by PCR from the RGH3 nucleotide sequence, one of the RGHs that was generated with the exon 2 primers and N. edwardsonii DNA. The reverse primer for both arms of the hairpin corresponded to the pUC18 polylinker, adjacent to the KpnI restriction enzyme site in pRGH3. The forward arm of the hairpin was derived from RGH3 nucleotide sequences 1,321 to 1,448. It was amplified from plasmid pRGH3 using the forward primer 5′-GGGCTCGAGACTACCAATCTATTCAATTG-3′ and the reverse primer 5′-GGGGAATTCTGCGGTCGACTCTAGAG-GATCC-3′. The forward primer included an XhoI site on the 5′ end, whereas the reverse primer had an EcoRI site on its 5′ end to facilitate cloning the amplified DNA band into the XhoI-EcoRI restriction enzyme sites of the plasmid pGem7Zf(+). The reverse arm of the hairpin was derived from RGH3 nucleotide sequences 1,448 to 1,047. It was amplified from plasmid pRGH3 using the forward primer 5′-GGGGAG CTCCAAACATGGAATGCATTCTCTC-3′ and the reverse primer 5′-GGGAAGCTTTGCGGTCGACTCTAGAGGATC C-3′. The forward primer included a SacI site on the 5′ end, whereas the reverse primer had a HindIII site on its 5′ end to facilitate cloning into SacI-HindIII restriction enzyme sites adjacent to the forward arm. An XhoI-SacI DNA segment subsequently was moved into pKYLX7 to complete the construction of the RGH3 hairpin (Fig. 2) . The nucleotide sequences of all amplified DNA segments were determined at the University of Missouri DNA Sequencing Core to verify that they matched the published N gene nucleotide sequence (Whitham et al. 1994) or the RGH3 nucleotide sequence.
Plant RNA extraction and cDNA synthesis.
Detached leaves from wild-type N. edwardsonii and from putatively N-silenced N. edwardsonii plants were collected and each leaf was cut along the midrib into two half leaves. One half was inoculated with TMV to ensure that each leaf exhibited a delayed HR and the other half was immediately frozen at -80°C.
Total RNA was extracted from N. edwardsonii wild-type and the putatively N-silenced plants using TRIzol (Invitrogen, Carlsbad, CA, U.S.A.) according to manufacturer's protocol. Before use in RT-PCR reactions, all RNAs were treated with RNAse free DNAse at 37°C for 30 min (Promega Corp.). First-strand cDNA synthesis was carried out using the Superscript First Strand Synthesis system (Invitrogen) using oligo(dT) 12-18 primer.
Real-time PCR.
For the N gene, oligonucleotide primers were designed that amplified a 140-bp segment of exon 4 of N gene. The forward primer for the N gene matched nucleotide sequences 6,119 to 6,143 (TTCTTTGTACCTTTTGCTGGCTTAT) and the reverse primer matched nucleotide sequences 6,259 to 6,234 (CTCTG GTCCTTCTTTATACAACAAAC) (Levy et al. 2004 ). For EF-1α, primers were selected to amplify a 143-bp product. The forward primer matched nucleotides 304 to 323 (CCTGGACA CAGGGACTTCAT) and the reverse primer matched 447 to 428 (AGCAAGCAATGCATGTTCAC) of GenBank accession D63396.
Real-time PCR was done on a DNA Engine Opticon 2 (MJ Research, Waltham, MA, U.S.A.) RT-PCR system in a total volume of 25 µl per well. PCR cycles were 1 cycle of 2 min at 50°C and 15 min at 95°C; followed by 45 cycles of 15 s at 95°C, 30 s at 60°C, and 45 s at 72°C; and 1 cycle of 10 min at 72°C. After each PCR, a melting curve was run from 70 to 95°C at 0.2°C increments.
The mRNA levels for the genes of interest were quantified from the cycle threshold (C t ) value, which is the PCR cycle number that generated a common signal for each gene in the exponential phase of amplification. The C t values were converted to template concentrations using standard curves (Giulietti et al. 2001) . To correct for sampling errors, the levels of expression of each gene, as determined from their C t values, were normalized to the level of EF-1α.
Evaluation of transgenic plants for silencing of the N family of R genes.
Detached Nicotiana leaves were lightly dusted with 600-mesh Carborundum and inoculated with TMV virions at a concentration of 100 µg/ml. Immediately after inoculation, the detached leaves were placed on a damp paper towel in a Ziploc bag and monitored daily for the appearance of necrotic lesions. Selected plants that responded to TMV inoculation with a delayed HR subsequently were evaluated for resistance to the Cherry strain of TBSV (Hearne et al. 1990) and CymRSV (Grieco et al. 1989) . TBSV and CymRSV inocula were from infected, frozen N. clevelandii leaf tissue that were ground with a mortar and pestle and diluted to approximately 1:20 (wt/vol) with 50 mM phosphate buffer (pH 7.0). The TMV-30B-GFP vector (Shivprasad et al. 1999) (kindly provided by Dr. Dennis Lewandowski) was linearized with PstI and in vitro transcription was done using a RiboMax Large-Scale RNA production system-T7 (Promega Corp.) according to the manufacturer's protocol. The Gcapped transcripts were rub inoculated onto leaves that were lightly dusted with Carborundum. GFP expression in detached leaves was visualized with a Blak-Ray long-wave ultraviolet lamp (Upland, CA, U.S.A.).
